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SUMMARY 


The static internal performance of a multifunction nozzle having some of the 
geometric characteristics of both two-dimensional convergent-divergent and single 
expansion ramp nozzles has been investigated in the static-test facility of the 
Langley 16-Foot Transonic Tunnel. The internal expansion portion of the nozzle con- 
sisted of two symmetrical flat surfaces of equal length, and the external expansion 
portion of the nozzle consisted of a single aft flap. The aft flap could be varied 
in angle independently of the upper internal expansion surface to which it was 
attached. The effects of internal expansion ratio, nozzle thrust-vector angle (-30° 
to 30°), aft flap shape, aft flap angle, and sidewall containment were determined for 
dry and afterburning power settings. In addition, a partial afterburning power set- 
ting nozzle, a fully deployed thrust reverser, and four vertical takeoff or landing 
nozzle configurations were investigated. Nozzle pressure ratio was varied up to 10 
for the dry power nozzles and 7 for the afterburning power nozzles. 

Results of the investigation indicate that this nozzle concept provided rela- 
tively high performance levels throughout the vector angle range. Nozzle discharge 
coefficient was dependent upon the thrust-vector angle but independent of flow 
direction (either up or down). The thrus t-reverser configuration provided levels of 
reverse thrust performance well in excess of 50 percent. 


INTRODUCTION 

Development of turbine engines for aircraft propulsion systems has been accom- 
panied by the evolution of the ax i symmetric (circular cross sections) nozzle because 
of its logical integration advantages. Extensive experience with axisymmetric 
nozzles has produced the capability to design structurally and thermally efficient 
exhaust systems with high internal performance for many applications. However, ex- 
perimental investigations (refs. 1 through 4) have shown that airplane performance 
penalties can occur when the exhaust system is integrated into the airframe on some 
twin-engine fighter aircraft. The most significant installation penalties (increased 
drag) occur on twin-engine configurations where the engines are mounted side by side 
in the fuselage and the nozzles are blended into the afterbody along with other air- 
plane components such as vertical and horizontal stabilizers. The installation of 
engines and other components at the rear of twin-engine fighter configurations tends 
to result in an afterbody that is more nearly rectangular in shape than round. This 
installation results in external fuselage lines (nearly rectangular at the inlet 
station) which must transition to two distinct circular shapes at the nozzles. This 
transition often results in complex afterbody shapes and can produce large boattail 
angles, bases, and gutters that contribute to the installation drag penalty. 

Many studies have been made of the application of nonaxisymmetric nozzles to 
fighter airplane configurations having missions requiring extensive maneuver capabil- 
ity (refs. 5 and 6). The nonaxisymmetric nozzle offers internal performance compara- 
ble with that of axisymmetric nozzles and is more amenable to the incorporation of 
thrust vectoring and thrust reversing for additional airplane maneuver and control 
capability. The inherent structural weight advantage of the axisymmetric nozzle is 
lost when deflection of the thrust vector for powered lift or control is required. 



In addition, the nonaxi symmetric nozzle presents the opportunity to avoid airplane 
performance losses by improving aft-end integration. 

Two types of nonaxisymmetric nozzles on which significant experimental internal 
performance data are available are the two-dimensional convergent-divergent nozzle 
(refs. 7 through 10) and the single expansion ramp nozzle (refs. 7 and 11 through 
13). The two-dimensional convergent-divergent nozzle incorporates identical upper 
and lower expansion surfaces of eaual length so that the flow expansion process (noz- 
zle unvectored) over the diverging surfaces is symmetric in the vertical plane. The 
single expansion ramp nozzle is nonsymmetric and expands the flow both internally and 
externally. One expansion surface of the single expansion ramp nozzle is much longer 
than the other. Internal expansion occurs between the throat and trailing edge of 
the short expansion surface (flow bounded by two expansion surfaces) and external 
expansion occurs over the external portion of the longer surface (flow bounded by 
external portion of long surface and free-air boundary) . These nozzles usually in- 
corporate extensive surface curvature on the long expansion surface and therefore do 
not have symmetric internal or external expansion processes. 

The present paper contains the static internal performance of a multifunction 
nozzle having some of the geometric characteristics of both two-dimensional 
convergent-divergent and single expansion ramp nozzles. This nozzle expands the flow 
internally as a two-dimensional convergent-divergent nozzle (symmetric expansion) and 
externally over an aft flap as a single expansion ramp nozzle. The internal expan- 
sion portion of the nozzle geometry consisted of two identical flat surfaces of equal 
length. The external portion of the nozzle (or aft flap) could be varied in angle 
independently of the internal expansion surface to which it was attached. The ef- 
fects of internal expansion ratio, nozzle-thrust-vector angle (-30° to 30°), aft flap 
shape, aft flap angle, and sidewall containment were determined for dry and after- 
burning power settings. A partial afterburning power setting nozzle was investigated 
by using components from the dry and afterburning nozzle configurations. A fully 
deployed thrust reverser and four vertical takeoff or landing nozzle configurations 
were also investigated. This investigation was conducted in the static-test facility 
of the Langley 16-Foot Transonic Tunnel at nozzle pressure ratios up to 1 0 for unvec- 
tored dry power nozzles and up to 7 for afterburning power nozzles. 


SYMBOLS 


All the forces (with the exception of resultant gross thrust) and angles are 
referred to the model centerline (body axis) . A detailed discussion of the data- 
reduction and calibration procedures as well as definitions of forces, angles, and 
propulsion relationships used herein can be found in reference 7. 
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nozzle-exit area, in ( A p measured in the vertical plane at end of 
nozzle upper and lower flaps) 
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nozzle geometric throat area (measured), in 
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gravitational constant, 32.17 ft/sec 

nominal nozzle-throat height for dry power nozzles, 0.92 in. 

nominal length of the flat aft flap, in. (see fig. 10(b)) 

measured pitching moment (about point on model centerline at station 
29.39), in-lb (see fig. 1(b)) 

measured normal force, lbf (see fig. 1(b)) 

nozzle pressure ratio, p t j/P a 

local static pressure, psi 

ambient pressure, psi 

jet total pressure, psi 

gas constant, 1716 ft 2 /sec 2 -°R 

model station, in. 

jet total temperature, °R 

ideal weight-flow rate, lb/sec 

measured weight-flow rate, lb/sec 

axial coordinate measured from nozzle connect station (Sta. 41.13), in. 

axial component of orifice coordinate system with origin at the termina- 
tion of upper and lower nozzle divergent flap surfaces, in. (see 
fig. 10) 

vertical coordinate measured from horizontal model centerline (positive 
upwards), in. 

aft flap initial angle, deg (see fig. 2) 
ratio of specific heats, 1 .3997 for air 
incremental value 

resultant thrust-vector angle, tan“ 1 (N/F), deg 
lower flap angle, deg (see fig. 2) 
upper flap angle, deg (see fig. 2) 

geometric thrust-vector angle measured from horizontal reference line, 
6-6 


p divergence angle of nozzle divergent flap surface, deg 

a aft flap terminal angle, a = a for flat aft flap (see fig. 2) 

Nozzle and nozzle component designations: 

First two characters in nozzle configuration designation: 

A1 afterburning power setting with p = 2.7° 

A2 afterburning power setting with p = 1 1 .0° 

A3 afterburning power setting with p = 6.85° and 6 V = ±4.15° 

D1 dry power setting with p = 1 .5° 

PI partial afterburning power setting with p = 2.1° 

P2 partial afterburning power setting with p = 6.25° 

VI vertical takeoff or landing conf iguration 1 

V2 vertical takeoff or landing configuration 2 

V3 vertical takeoff or landing configuration 3 

V4 vertical takeoff or landing conf iguration 4 

Third character in nozzle configuration designation: 

F flat aft flap surface 
C curved aft flap surface 
Fourth character in nozzle configuration designation: 

L long sidewalls 
S short sidewalls 


APPARATUS AND METHODS 
Static-Test Facility 

This investigation was conducted in the static-test facility (ref, 14) of the 
Langley 16-Foot Transonic Tunnel. All tests were conducted with the jet exhausting 
to the atmosphere. This facility utilizes the same clean, dry-air supply as that 
used in the 16-Foot Transonic Tunnel and a similar air-control system, including 
valving, filters, and a heat exchanger (to operate the jet flow at constant stagna- 
tion temperature). 
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Single-Engine Propulsion-Simulation System 


A sketch of the single-engine air-powered nacelle model (ref. 14) on which var- 
ious nozzles were mounted is presented in figure 1(a) with a typical nozzle config- 
uration attached. An external high-pressure air system provided a continuous flow 
of clean, dry air at a controlled temperature of about 530°R (at the instrumentation 
section). This high-pressure air was varied up to approximately 10 atm 
(1 atm = 14.7 psia) and was brought through a dolly-mounted support strut by six 
tubes which connect to a high-pressure plenum chamber. As shown in figure 1(b), the 
air was then discharged perpendicularly into the model low-pressure plenum through 
eight multiholed sonic nozzles equally spaced around the high-pressure plenum. This 
method was designed to minimize any forces imposed by the transfer of axial momentum 
as the air is passed from the nonmetric high-pressure plenum to the metric (mounted 
to the force balance) low-pressure plenum. Two flexible metal bellows are used as 
seals and serve to compensate for axial forces caused by pressurization. 

The air was then passed from the model low-pressure plenum (circular in cross 
section) through a transition section, choke plate, and instrumentation section which 
were common for all nonaxisymmetric nozzles investigated. The transition section 
provided a smooth flow path for the airflow from the round low-pressure plenum to the 
rectangular choke plate and instrumentation section. The instrumentation section had 
a flow-path width-to-height ratio of 1 .437 and was identical in geometry to the noz- 
zle airflow entrance. All nozzle configurations were attached to the instrumentation 
section at model station 41.13. 


Nozzle Design and Models 

Nozzle concep ts.- The two-dimensional convergent-divergent (2-D C-D) nozzle is a 
nonaxisymmetric exhaust system in which a symmetric internal contraction and expan- 
sion process takes place in the vertical plane. Basic nozzle components consist of 
upper and lower flaps to regulate the contraction and expansion process and flat noz- 
zle sidewalls to contain the flow laterally. The flap inner surface geometry can be 
varied or altered by actuators so that (1) engine power setting can be changed by 
varying the throat height, and (2) expansion surface angle (surface downstream of the 
throat) can be varied for optimum expansion of the exhaust flow. The two-dimensional 
nature of the flaps and sidewalls of the 2-D C-D nozzle facilitates the incorporation 
of performance capabilities not readily amenable to axisymmetric designs. The 
2-D C-D nozzle can be designed to (1) vector the exhaust flow up or down by varying 
the geometry of the upper and lower flaps and (2) reverse or spoil the thrust by 
opening ports upstream of the throat while deploying internal blockers from the flaps 
to divert the flow to the thrust-reverser ports. 

The single expansion ramp nozzle (SERN) concept incorporates nonsymmetric 
internal/external flow expansion. Basic SERN components consist of (1) a two- 
dimensional variable-geometry convergent-divergent upper-flap assembly used to vary 
nozzle power setting (throat area), (2) a two-dimensional lower flap used to vary 
internal expansion ratio, and (3) a two-dimensional portion of the upper flap serving 
as an external expansion surface. The throat of a SERN is forward of the variable 
portion of the lower flap so that power setting (throat area) is independent of lower 
flap angle (internal expansion ratio). Variations in the geometry of the SERN upper 
flap assembly generally affect internal and external expansion ratio as well as power 
setting. Moderate amounts of vectoring (up to about 20°) can be obtained from a SERN 
by incorporating independent actuation of a portion of the external expansion surface 
into the design (refs. 4, 9, 11, and 12). 
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The nozzle concept of the present investigation combines features of the 2-D C-D 
and SERN concepts into a single nozzle design with multifunction capability. That 
is, the forward portion of the present nozzle concept is a 2-D C-D nozzle with the 
aforementioned power setting, expansion ratio, and vectoring capabilities of a 
2-D C-D nozzle. The addition of a flap at the downstream end of the upper flap of 
the 2-D C-D nozzle produces a nozzle similar in appearance to a SERN. However, this 
independently actuated aft flap is primarily used for external expansion or as an 
airplane trim or control device. Thrust vectoring would be accomplished with the 
2-D C-D portion of the nozzle with the aft flap following as a portion of the upper 
flap. Thrust reversing would occur in the convergent section of the nozzle by 
deploying portions of the upper and lower flaps to form a blocker. 

Unvector ed- and vectored-thrust nozzle models.- The nozzle models of the present 
investigation were attached to the propulsion simulation system (fig. 1(a)) at sta- 
tion 41.13 and had a constant flow path width of 4.00 in. Nozzle geometry was varied 
by combining interchangeable upper, lower, and aft flaps and sidewalls. The parame- 
ters for unvectored- and vectored-thrust nozzles were power setting (throat area), 
internal expansion ratio, aft flap angle, aft flap shape, and sidewall length. The 
values of unvectored- and vectored-thrust nozzle parameters selected for this inves- 
tigation are presented in table I, and a sketch showing component angular sign con- 
ventions is presented in figure 2. Sketches giving geometric details of some of the 
unvectored- and vectored-thrust nozzle configurations are presented in figures 3 
through 5, and details of the long and short sidewalls are shown in figure 6. The 
nozzles with 6.85° divergence angle were made up from one flap from each of the 2.7° 
and 11.0° unvectored nozzles (fig. 3(a)). 

Thrust-reverser nozzle model .- The thrus t-reverser nozzle resulting from the de- 
ployed 2-D C-D components is shown in figure 7. It can be seen that the upper and 
lower port passages are not identical (formed through differing structures). The 
geometric throats are the same size and occur at the same orientation in each port 
between point C on the flap and the blocker surface. The reverse- thrus t angle de- 
signed into the port was 135° (blocker angle) measured forward from a horizontal ref- 
erence line. Geometrically, a 135° reverse-thrust angle can provide a 70.7-percent 
component of thrust in the reverse direction. 

Vertical takeoff or landing nozzle model .- Four nozzle configurations designed 
to deflect the thrust vector downward 90° for vertical takeoff or landing are shown 
in figure 8. These configurations are not directly related to the present multifunc- 
tion nozzle but could result from a derivative version of this nozzle concept. The 
geometric details of the blocker and lower flap components are shown in figure 9. 


Instrumentation 

A three-component (normal force, axial force, and pitching moment) strain-gage 
balance was used to measure the forces and moments on the model downstream of station 
20.50 in. (See fig. 1(a).) Jet total pressure was measured at a fixed station in 
the instrumentation section (fig. 1(a)) by means of a four-probe rake through the up- 
per surface, a three-probe rake through the side, and a three-probe rake through the 
corner. A shielded thermocouple probe, also located in the instrumentation section, 
was used to measure jet total temperature. Weight-flow rate of the high-pressure air 
supplied to the nozzle was determined by calibration of pressure and temperature mea- 
surements in the high-pressure plenum against the known performance of standard axi- 
symmetric Stratford choke nozzles (ref. 14). Internal static-pressure orifices were 
located on the planview centerlines of the unvectored (fig. 10) and vectored nozzle 
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upper, lower, and aft flaps. The thrust-reverser model had static-pressure orifices 
only on the blocker centerline as shown in figure 11. The vertical takeoff or land- 
ing nozzles had pressure orifices on the blocker and lower flap centerlines as shown 
in figure 12. 


Data Reduction 

All data were recorded on magnetic tape with 50 frames of data averaged at each 
data point for use in computations. With the exception of resultant gross thrust 
F r , all force data in this report are referenced to the model centerline. 

The basic performance parameters used for the presentation of results are F/F ^ , 
F r/ F i , 6, M/F^h t n , and w p / w i • Th e internal thrust ratio F/F^ is the ratio of 

actual nozzle thrust (along the body axis) to ideal nozzle thrust where ideal nozzle 
thrust is based on measured weight-flow rate and total-temperature and total-pressure 
conditions in the nozzle instrumentation section. The balance axial-force measure- 
ment, from which actual nozzle thrust is subsequently obtained, is initially cor- 
rected for model weight tares and balance interactions. Although the bellows ar- 
rangement was designed to eliminate pressure and momentum interactions with the 
balance, small bellows tares on all balance components still exist. These tares 
result from a small pressure difference between the ends of the bellows when internal 
velocities are high and also small differences in the forward and aft bellows spring 
constants when the bellows are pressurized. As discussed in reference 9, these 
bellows tares were determined by running calibration nozzles with known performance 
over a range of expected normal forces and pitching moments. The balance data were 
then corrected in a manner similar to that discussed in reference 9 to obtain actual 
nozzle thrust, normal force, and pitching moment. The resultant gross thrust F r , 
used in resultant thrust ratio F r / F i' and the resultant thrust-vector angle 6 are 
then determined from these corrected balance data. Resultant thrust ratio F r / F ^ is 
equal to internal thrust ratio F/F^ as long as the jet-exhaust flow remains unvec- 
tored (6 = 0°). Significant differences between F r / F i and F/F^ occur when jet- 
exhaust flow is turned from the axial direction. The parameter M/F^h t n is the 
ratio of pitching moment resulting from vectoring and flow expansion over the aft 
flap to the product of ideal thrust and nominal dry power throat height h t n . Nomi- 
nal dry power throat height was selected arbitrarily as a nondimensionalizing length 
because isolated nozzle tests do not have a set of airplane nondimensionalizing con- 
stants associated with them. Nozzle discharge coefficient w^/w^ is the ratio of 
measured weight-flow rate to ideal weight-flow rate where ideal weight-flow rate is 
based on jet total pressure p. ., jet total temperature T. •, and measured nozzle 
(or port) throat area. Nozzle discharge coefficient is, then, a measure of the 
ability of a nozzle to pass mass flow. 


PRESENTATION OF RESULTS 

The basic nozzle internal performance data obtained in this investigation are 
presented in figures 13 through 24, which will not be discussed individually. How- 
ever, reference will be made to the performance of those nozzles directly relevant to 
the discussion as the need arises. Local static pressures were measured on the noz- 
zle internal surfaces for various nozzle total pressure ratio settings and are pre- 
sented in ratio form in tables II through V. Table I, which contains a summary of 
the nozzle (unvectored and vectored) geometric parameters, also contains the figure 
and table numbers in which the basic internal performance and local pressure ratio 
data can be found for each combination of parameters. 
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Nozzle internal thrust ratio F/F^, resultant thrust ratio F r /F^, thrust-vector 
angle 6, pitching moment ratio M / F i h t,n' ar *d discharge coefficient w^/w^ are Pre- 
sented graphically as a function of nozzle pressure ratio (NPR) in figures 13 through 
22 for the unvectored and vectored nozzle conf igurations . Figure 23 presents inter- 
nal performance data for the thrust-reverser configuration. A negative value of 
thrust ratio indicates thrust in the reverse direction. The data obtained on the 
vertical takeoff or landing configurations are presented in figure 24. Normal force 
ratio N/F^ is presented as an additional parameter for the thrust reverser and 
vertical takeoff or landing configurations. 


RESULTS AND DISCUSSION 
Basic Data 

The internal performance data shown in figures 13 through 22 exhibit character- 
istics of both 2-D C-D and SERN nozzles. In general, nozzle thrust ratio performance 
was similar to that measured for 2-D C-D nozzles (refs. 7 and 10) and is character- 
ized by one performance peak occurring at or near the NPR required for fully expanded 
nozzle flow (design NPR) . An exception to the previous observation occurred when 
6 V < 0°. For these cases (fig. 15 for example), internal performance data were typi- 
cal of single-expansion-ramp nozzle data (refs. 7, 12, and 13) and were often charac- 
terized by a tendency to have two nozzle thrust ratio performance peaks. These two 
peaks occur as a result of two separate exhaust-flow expansion processes. The first 
(internal expansion) occurs as the exhaust flow expands in the region between the 
nozzle throat and nozzle exit formed by the downstream edge of the upper and lower 
flaps. The second expansion process (external expansion) occurs between the upper 
aft flap (located downstream of the exit) and the lower jet free boundary. 

The resultant thrust-vector angle data presented in figures 13 throuqh 22 illus- 
trate another characteristic of SERN nozzles: significant resultant thrust-vector 

angles 6 (hence differences in resultant thrust ratio F r / F i and internal thrust 
ratio F/F^) can occur on unvectored ( 5 V = 0°) configurations. The nonlinear varia- 
tion of resultant thrust-vector angle 6 with NPR at all values of 6 V is also 
characteristic of SERN nozzles and is caused by changing compression-expansion wave 
patterns impinging on the external expansion surface (aft flap) as NPR is varied. 

The aft flap has a large, unopposed, normal projected area, hence normal force can 
change significantly with varying NPR. An axial-force performance penalty results 
for any nonzero value of resultant thrust-vector angle because the thrust is being 
turned away from the axial direction. The magnitude of this penalty can be assessed 
by comparing the difference between resultant and internal thrust ratio at a given 
NPR. 


Measured values of nozzle discharge coefficient w p / w ^ for a H nozzles were 
between 0.94 and 0.98 and were essentially unaffected by changes in NPR. 


Performance Comparisons 

The design pressure ratios for the internal portions of the unvectored nozzles 
varied from 3.05 to 5.43 as indicated in table I. However, for purposes of summary 
data, a nominal NPR of 4.0 has been selected for all nozzles. 

Effect of geo m etric thrust-v ector angle.- The effects of geometric thrust-vector 
angle on nozzle performance parameters are presented in figures 25 and 26. Typical 
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internal static pressure distributions (configuration A1FS) for a range of S v 
shown in figure 27. 

The variation in discharge coefficient with geometric vector angle (fig. 25) was 
nearly symmetrical about 6 V = 0° for afterburning and dry power nozzle configura- 
tions. This symmetry was expected since the nozzle geometry in the convergent sec- 
tion and the throat was identical for 6 V = 30° and -30° and for 6 V = 15° and -15°. 
Examination of internal static pressure distributions (fig. 27) indicates nearly 
identical flow characteristics for upward ( 6 V negative) and downward ( 6 V positive) 
vectoring cases. Nozzle discharge coefficient peaks at 6 V = 0° (fig. 25) and falls 
off at nonzero values of 6 V indicating throat shape and/or convergence altered 
relative to the unvectored case. Thrust-vectoring schemes which use both upper and 
lower flaps generally alter the nozzle surface shape at and ahead of the throat since 
! the vectoring actuation modifies a portion of the convergent section. (Compare upper 
and lower flap surface shapes in figures 3(a), (b), and (c), for example.) As seen 
I in figure 27, the throat location (location at which the ratio of static pressure to 
jet total pressure is 0.528, hence local Mach number is 1 .0) moves downstream on the 
upper flap as geometric thrust-vector angle is increased from 6 V = 0° (positive 
6 V ) and moves downstream on the lower flap as geometric thrust-vector angle is de- 
i creased from 6 V = 0° (negative 6 V ) . Since the entire static pressure distribution 
for the unvectored case 6„ = 0° is below p/p. ■ = 0.528, it is obvious (by extrap- 
olation) that the throat occurs somewhere upstream of the most forward orifice loca- 
! tion; hence it can be stated that, in general, actual throat location moves down- 
stream on the upper flap for 6 V > 0 and downstream on the lower flap for 6 V < 0. 
This reorientation of the throat for ±30° of vectoring decreased discharge coeffi- 
| cient by 0.03 for the afterburning power nozzles and 0.02 for the dry power nozzles 
(fig. 25). 

| The effect of geometric thrust-vector angle on resultant thrust ratio is pre- 

sented in figure 26 for afterburning and dry power nozzle configurations. As seen 
F r /Fi was relatively independent of 5 V , varying no more than 1 percent over the 
entire range of vector angle investigated. For these configurations in which 
6 U - a = 0°, the lowest values of resultant thrust ratio occurred for = -30°, 

probably because of exhaust flow separation on the aft flap. Static pressure distri- 
butions for configuration A1 FS (fig. 27) indicate that exhaust flow over the last 
40-percent of the aft flap could be separated. Exhaust flow separation on the 
external expansion surface is typical for single expansion ramp nozzles at negative 
j vector angles (ref. 12). 

Values of thrust ratio F/F^ peak near 5 V = 0° (fig. 26(a)) since the exhaust 
flow is directed away from the axial direction when vectoring. Characteristic shapes 
of these F/F^ curves appear to be nearly identical, but some curves are slightly 
offset relative to others. These offsets are a function of aft flap shape and the 
magnitude of 6 U - a and can be related directly to changes in effective aft flap 
angle. These results indicate that an aircraft utilizing this nozzle concept could 
cruise at a nonzero value of geometric thrust-vector angle (5 V » 2.5° for flat aft 
flap configurations or <5 v « -2.5° for curved aft flap configurations) to optimize 
internal nozzle performance. 

As can be seen in figure 26(b), aft flap curvature or negative rotation of the 
aft flap provide nearly constant increases in resultant turning angle 6 over the 
geometric thrust-vector angle 6 V range tested. All configurations presented in 
figure 26(b) indicate that the exhaust flow was being turned effectively as 
A6/A6 v * 1.0. Whether or not resultant thrust-vector angle was equal to the geomet- 
ric thrust-vector angle depended entirely upon the resultant thrust-vector angle 
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intercept at 6 V = 0°. Recall that 6 is dependent upon NPR for external expansion 
surface nozzles and that figure 26 is for a nominal NPR of 4.0. 

The effects of geometric thrust-vector angle on pitching moment ratio are pre- 
sented in figure 26(c). These data are essentially a mirror image of the resultant 
thrust-vector angle results and because of the similarities will not be discussed 
herein. Remember that an increase in 6 results in a decrease in pitching moment, 
hence the slope change in M/F^h^ n relative to 6 V . 

Effect of aft flap initial angle .- The effect of aft flap initial angle on 
internal performance at NPR = 4.0 for several nozzle configurations is presented in 
figures 28 through 30. An example of typical internal static pressure distributions 
( conf iguration A1FS, 6 V = 0°) over a range of aft flap initial angles is shown in 
figure 31 at a nominal NPR of 4. 

For all configurations, downward rotation (from positive to negative a) of the 
aft flap resulted in increased resultant thrust-vector angle. (See figs. 28 through 
30.) This was, of course, accompanied by a decrease in pitching moment ratio result- 
ing from the increased normal force on the aft flap as the aft flap was rotated down- 
ward. Static pressure distribution data (fig. 31) show increased pressure on the aft 
flap as it is rotated downward and hence, increased positive (upward) normal force. 

The a - -8.3° case appears to have a shock located near the nozzle upper flap/aft 
flap juncture. 

The effects of aft flap initial angle on resultant and internal thrust ratios 
(figs. 28 through 30) were dependent upon conf iguration variables such as geometric 
thrust-vector angle, aft flap shape, and nozzle internal area ratio; however, several 
general trends can be noted. Highest resultant thrust ratio values generally oc- 
curred when the aft flap was oriented such that the resultant thrust-vector angle 6 
was approximately equal to the geometric vector angle. In reality, however, the peak 
F r /F^ probably occurred when the aft flap initial angle a had minimal impact on 
the supersonic flow exiting the upper and lower 2-D C-D divergent flap segments. It 
has long been recognized that deflecting supersonic exhaust flow generally results in 
some performance losses (ref. 9). Highest internal performance F/F^ generally 
occurred at the aft flap initial angle which resulted in values of resultant thrust- 
vector angle 6 near zero. For dry power nozzle configuration DIFS (fig. 30) with 
5 V = ±15° and ±30°, highest performance for each 6 V occurred at the aft flap ini- 
tial angle which generated turning angles nearest zero. For example, consider 
6 v - 30°, highest measured thrust performance occurred at a = -28.5°. The measured 
turning angle 6 at this aft flap initial angle was 27.5° and was the lowest turninq 
angle measured for the 6 V = 30° configuration. Configuration A3FS (with 
6 V = 4.15°, fig. 28) was the exception with the highest resultant thrust ratio F r / F i 
occurring at a = -8.3° and the highest thrust ratio F/F^ occurring at a - -4.5°. 
Based on the general trends discussed previously, highest F r / F ^ and F / F j_ values 
would be expected to occur for aft flap initial angles a of -2.8° and 2.7°, where 
resultant turninq angles of approximately 3.8° and 1° were measured, respecti vely . 
Reasons for the departure of this configuration from general trends are unknown. 

Effect of aft f lap shape.- The effect of aft flap shape on internal performance 
parameters at an NPR of 4.0 can be found in figures 26, 28, and 29. Recall that the 

third digit in the configuration code represents aft flap shape (C for curved and F 
for flat) . An example of typical internal static pressure distributions for a change 
in aft flap shape is presented in figure 32 at a nominal nozzle pressure ratio of 4. 
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Changing aft flap shape from flat to curved resulted in a downward rotation in 
the aft flap trailing edge (terminal angle) by 11° as indicated in the nozzle geome- 
try sketches shown in figures 3 through 5. This 11° change in aft flap terminal an- 
gle resulted in increases in measured resultant thrust-vector angle 6 ranging from 
approximately 3.5° to 8° above those measured for the flat aft flap shape. Actual 
levels of these increases were dependent upon other variables such as nozzle power 
setting, expansion ratio, geometric thrust-vector angle, and aft flap initial angle 
a. For example, the effects of aft flap shape on resultant turning angle were larger 
for the dry power configuration than for afterburning configurations. (See fig. 26.) 
This result would be expected, since the aspect ratio of the jet as it leaves the 
upper flap is greater for the dry power nozzles than the afterburning power nozzles 
and the thinner jet (more like a jet sheet) can be turned more effectively by a sin- 
gle surface (the aft flap) . Static pressure distributions for a typical configura- 
tion (fig. 32) show that with the curved aft flap the pressure was higher along the 
entire flap than with the flat aft flap. This higher pressure results in an increase 
in the positive normal-force component on the aft flap; thereby, resultant thrust- 
vector angle is increased and larger nose down (negative) pitching moments are 
produced. The effects of aft flap shape on resultant and internal thrust ratios are 
similar to those noted previously for variation of aft flap angle a. 

| Effect of sidewall length .- The effect of sidewall length on performance incre- 

ments as a function of NPR is presented for typical afterburning and dry power nozzle 
configurations in figures 33(a) and (b), respectively. Typical static pressure dis- 
tributions for the afterburning nozzle configuration with long and short sidewalls 

! (S v = 0°) are provided at three values of NPR in figure 34. The performance incre- 
ments A(F r /F^), A(F/F^), A6, and A(M/F^h t n ) are defined as the performance for 

the configuration with long sidewalls minus the performance for the configuration 
with short sidewalls. A negative performance increment would therefore indicate 
short sidewall configuration performance greater than long sidewall configuration 
performance. 

i 

| Performance increments A(F r /F i ) and A<5 (fig. 33) were generally negative at 

low NPR 1 s indicating that the long sidewall provided lower resultant thrust ratios 
and lower (or more negative) resultant thrust-vector angles than the short sidewall 
configurations. However, with the exception of A3FL and A3FS at higher NPR's, the 
long sidewall produced higher resultant thrust ratios and higher (or less negative) 
resultant thrust-vector angles. This probably occurs because, at high NPR, espe- 
cially above design NPR (table I), the exhaust flow would tend to expand or spread 

1 more in the lateral direction when the short sidewall is installed. Expansion of ex- 
haust flow through the open sides would result in decreases in both resultant thrust 
and resultant thrust-vector angle. The long sidewall prevents these losses at high 
NPR; but at low NPR, where there is less tendency for the flow to expand laterally, 
the long sidewall results in a thrust loss probably caused by increased friction 
drag. 


Static pressure distributions (on the flap centerline) for afterburning nozzle 
configurations A1 FL and A1 FS are presented in figure 34. At low NPR's (NPR = 2), 
static pressures on the forward portion of the aft flap were lower for the long side- 
wall configuration than for the short sidewall. The result, as discussed previously, 
is lower (or more negative) resultant thrust-vector angles for the long sidewall. 
Increased static pressures on the aft portion of the aft flap at higher NPR's (4.0 
and 6.0) would similarly explain the higher resultant thrust-vector angles measured 
for the long sidewall configuration relative to the short sidewall configuration. 


Actual magnitudes of the increment in resultant thrust ratio for variations in 
sidewall length were generally within 0.5 percent for nozzle pressure ratios near de- 
sign values (3.0 < NPR < 5.0) and were consistent with sidewall length effects noted 
for previous investigations of 2-D C-D and SERN nozzle configurations (refs. 7, 10, 
and 11). As noted in reference 11, increasing sidewall containment (or length) gen- 
erally results in an increase in the effective expansion ratio of a configuration. 
Comparison of figures 15(a) and (c) indicates a definite shift in the NPR at which 
peak resultant thrust ratio occurs for change in sidewall length. Resultant thrust 
ratio for the long sidewall configurations (fig. 15(c)) tended to peak at NPR > 6.0; 
and for the short sidewall configurations resultant thrust ratio peaked at 
3.0 < NPR < 4.0. When the performance increments between the two configurations are 
computed at a constant NPR, these differences in effective expansion ratio appear. 
Comparing peak performance levels for a given nozzle flap geometry indicates there is 
little effect of sidewall length on peak performance as reported in references 5 and 
8 to 10. 


THRUST-REVERSER NOZZLE 

To reverse thrust in, or ahead of, the convergent portion of a forward flight 
nozzle it is desirable to move the throat (minimum area) to the reverser ports (or 
passages) to avoid the losses that would be incurred by turning a supersonic flow. 

If nozzle back pressure on the engine is to be maintained within acceptable limits to 
avoid stall or overspeed, the effective areas (or mass flow) of both the unvectored 
and reverser nozzles must remain nearly the same. In practice, actuation (or struc- 
tural) considerations and reverser passage length constraints necessitate the uti- 
lization of less than ideal reverser ports and can result in low efficiency. There- 
fore, when thrust is reversed under such conditions the reverser ports should have an 
enlarged throat area based on the expected ratio of discharge coefficients (based on 
the throat area of each) of the forward flight and thrust-reverser nozzles. 

The thrust-reverser nozzle of the present investigation represents the dry power 
condition for the engine and is therefore related to the "Di-type" forward flight 
nozzles (see table I and fig. 5) . The thrust-reverser-nozz le geometric throat area 
(sum of top and bottom port minimum areas) was sized approximately 20 percent greater 
than the "Di-type" nozzles to compensate for an expected decrease in discharge 
coefficient. 

The discharge coefficients (based on reverser port area) measured in this inves- 
tigation are shown in figure 23 for nozzle pressure ratios from 1.5 to 7.0. The 
variation in discharge coefficient with nozzle pressure ratio at low NPR's is large 
and is typical for ports of this type (refs. 10, 15, and 16). Comparison of measured 

values of nozzle discharge coefficient at NPR = 3.0 for the reverser (0.760 from 

fig. 23) with that of the unvectored nozzle (0.977 from figs. 21 and 22) indicates 

0.977 

that the reverser port area should be — ! = 1 .286 times unvectored nozzle throat 

0 .760 . . 

area to prevent undesirable back pressure characteristics on the engine at this con- 
dition. As noted previously, the reverser port area was sized to be only 20 percent 
larger than the unvectored nozzle area; hence, an increase in port area would be 
desirable . 

Static pressures measured on the surface of the blocker (fig. 35) indicate that 

sonic (choked) flow did not occur in the plane of minimum reverser port area (top 

port) . The sonic line (p/p. ■ = 0.528) intersects the surface of the blocker at a 

r , j 

point near the 90° break in the blocker surface. This sonic point location is 



similar to that shown in the reverser of reference 15 which had a large number of 
pressure orifices installed in the port passage surfaces. Isobars derived from side- 
wall static pressures (ref. 15) at a nozzle pressure ratio of 5.0 indicate that one 
end of the sonic line was at the sharp port corner and the other end at the blocker 
near the port exit. The sharpness of the port corner of the present configuration 
and pressures measured on the blocker surface suggest that the orientation of the 
sonic line is similar to that of reference 15. 

The thrust ratio ( F/F^ ) data of figure 23 show that as would be expected with 
a 135° blocker angle, well over 50 percent of the thrust was reversed over the NPR 
range. However, the difference in geometry between the top and bottom ports results 
I in a vertical force component as shown in the normal force and pitching moment ratios 
! of figure 23. This effect is caused by the geometry differences downstream of the 
port geometric throat (minimum) since the pressures of figure 34 indicate identical 
blocker pressure distributions for both ports up to that point. The additional pres- 
sure measurements on the external portion of the upper port indicate that the pres- 
sure on the overhanging piece of the blocker is below ambient at NPR up to 3.0 and 
above ambient at NPR above 4.0. Since the lower port has no overhanging blocker 
piece to generate a canceling force, it is likely that that normal force (which is 
zero at NPR = 3.0) shown in figure 23 results from the pressure differential across 
this piece or from the turning influence of this piece on the jet efflux. 


VERTICAL TAKEOFF OR LANDING NOZZLES 

The internal performance of the four vertical takeoff or landing nozzle config- 
urations (fig. 8) is shown in figure 24. The nozzle pressure ratio test range for 
these nozzles was restricted because the combination of the displacement of the 
j nozzle exit from the force balance moment reference center and the nearly vertical 
thrust vector produced large pitching moments and the balance pitching moment limit 
was rapidly reached. 

Although balance limitations did not permit testing to a high enough nozzle 
pressure ratio to reach a constant level of discharge coefficient it is apparent from 
the data trends of figure 24 that discharge coefficient would likely be less than 0.9 
for all configurations. In the range of nozzle pressure ratios tested, configura- 
tions VI and V3 , which both had the rounded lower lip, had significantly higher dis- 
charge coefficients than configurations V2 and V4. This result is consistent with 
^ results obtained from thrust-reverser-port investigations (ref. 16) which have shown 
that port corner shape has a large effect on discharge coefficient when flow is being 
turned into the port passage through large angles. 

Thrust-vector angle was 80° or greater for all four configurations at a nozzle 
pressure ratio of 3.0. Configurations V3 and V4 which incorporated blocker 2 turned 
the flow 85° at a nozzle pressure ratio of 3.0 even though the blocker terminal 
angle (at the nozzle exit) was 11° less than the terminal angle of blocker 1 (see 
fig. 9(a)). This increased turning (despite the smaller terminal angle) can be at- 
tributed to the relatively longer flow passage (fig. 8) provided by blocker 2 after 
the internal flow has been turned toward the nozzle port exit. The longer passage 
allows the flow to stabilize and become more uniformly directed in the desired ver- 
tical direction. This indicates that after turning a flow through a large angle some 
passage length is needed to produce flow in the intended direction. Alternatively, 
with little or no passage length, it might be desirable to have some blocker variable 
geometry capability at the nozzle exit so that the terminal angle can be varied to 
modulate the thrust direction. 
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CONCLUSIONS 


Static internal performance of a multifunction nozzle having some of the geomet- 
ric characteristics of both two-dimensional convergent-divergent and single expansion 
ramp nozzles has been investigated in the static test facility of the Langley 16-Foot 
Transonic Tunnel, The internal expansion portion of the nozzle geometry consisted of 
two symmetrical flat surfaces of equal length, and the external expansion portion of 
the nozzle geometry consisted of a single aft flap. The aft flap could be varied in 
angle independently of the upper internal expansion surface to which it was attached. 
The effects of internal expansion ratio, nozzle thrust-vector angle (-30° to 30°), 
aft flap shape, aft flap angle, and sidewall containment were determined for dry and 
partial afterburning power settings. In addition, a partial afterburning power set- 
ting nozzle, a fully deployed thrust reverser, and four vertical takeoff or landing 
nozzle conf igura tions were investigated. Results of the study have led to the 
following conclusions: 

1 . Internal performance for nozzle configurations in which the geometric thrust- 
vector angle was greater than or equal to zero was typical of nonaxisymmetric two- 
dimensional convergent-divergent performance in that a single performance peak was 
measured. Internal performance data for nozzle configurations in which geometric 
thrust-vector angle was less than zero generally indicated two resultant thrust peaks 
( characteristic of external expansion ramp nozzles). 

2. Nozzle discharge coefficient was dependent on geometric thrust-vector angle 
and power setting, but nearly independent of whether flow was vectored up or down. 

3. Resultant thrust ratio was nearly independent of geometric thrust-vector 
angle . 


4. The nozzle of the present investigation provided effective exhaust flow turn- 
ing throughout the entire range of geometric thrust-vector angles. 

5. The thrust-reverser configuration provided levels of reverse thrust well in 
excess of 50 percent; however, because of upper/lower port asymmetry, normal force 
and pitching moment were also generated. 

6. Vertical takeoff or landing nozzle configurations with the longest flow pas- 
sage in the throat area provided the highest levels of flow turning. The rounded 
lower flap corner provided significantly higher nozzle discharge coefficients than 
the sharp lower flap corner. 


NASA Langley Research Center 
Hampton, VA 23665-5225 
December 6, 1985 
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TABLE I.- GEOMETRIC PARAMETERS OF UNVECTORED AND VECTORED NOZZLE CONFIGURATIONS 
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Eterburning and dry power nozzles 
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TABLE V.- RATIO OF INTERNAL STATIC PRESSURE TO JET TOTAL PRESSURE ON VERTICAL 

TAKEOFF AND LANDING NOZZLE 


4 - 

3 

in 

4- 

rH 

00 

O' 

O' 

in 

in 

4- 

n- 

rH 

43 

0J 

O' 

<0 

• 

in 

• 

<n 

• 

<r 

• 

4- 

• 

rO 

• 

CO 

• 

(\J 

• 

O' 

OJ 

CO 

43 

41“ 

C0 

4 

CO 

in 

m 

4- 

0- 

rH 


CO 

o 

o 

9 

n 

• 

in 

• 

4" 

• 

4* 

• 

CO 

• 

CO 

• 

co 

• 

rf) 

>o 

OJ 

OJ 

43 

4) 

O' 

O' 

in 

4- 

4“ 

I s - 

rH 


CO 

o 

43 

• 

in 

• 

tn 

• 

4- 

• 

4~ 

• 

CO 

• 

CO 

• 

CO 

• 

C\J 

rH 

i — i 

o 

ro 

o 


in 

r-4 

o 

cr 

CO 

0- 

r- 

43 

43 

O' 

• 

CO 

• 

00 

• 

TO 

• 

00 

• 

CO 

• 

CD 

• 

CD 

• 

o 

o 

o 

<r 

0J 

o 

O' 

00 

43 

43 

n 

in 

m 

in 


4 

o 

• 

O' 

• 

o 

9 

& 

9 

O' 

• 

O' 

• 

O' 

• 

O' 

o 

OJ 

rH 

o- 

43 

43 

in 

in 

n- 

o- 

O- 

43 

43 

43 

43 

43 

o 

9 

o 

• 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

CO 

43 

n 

rH 

O' 

O' 

00 

00 

O 

in 

in 

in 

4- 

4- 

4- 

4 

O' 

• 

o 

• 

cr 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

4- 

m 

in 

OJ 

O' 

n- 

43 

43 

in 

<r 

4- 

4- 

ro 

CO 

CO 

CO 

o 

• 

o 

• 

o 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

9 

rH 

4- 


rH 

CO 

43 

in 

4 

43 

in 

in 

m 

4- 

4- 

4 

4" 

O' 

• 

o 

• 

O' 

• 

o 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

CO 

OJ 

OJ 

43 

OJ 

O' 

n- 

43 

4- 

CO 

CO 

OJ 

OJ 

rH 

rH 

rH 

o 

• 

o 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

cr 

• 

O' 

• 

rHI 

r- 

o- 

O 

in 

OJ 

o 

00 

CO 

rH 

rH 

rH 

O 

o 

o 

O' 

o 

• 

O' 

• 

O 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

CO 

• 


in 

in 

n 

n 

n- 

OJ 

O' 

n- 

4- 

rH 

O' 

OO 

o- 

r- 

43 

43 

CD 

• 

00 

• 

o- 

• 

I s - 

• 

n- 

• 

• 

r*- 

9 


CO 

o 

<r 

in 

OO 

4“ 

rH 

o 

CD 

43 

4- 

CO 

OJ 

OJ 

OJ 

OJ 

r D 

9 

00 

• 

OO 

• 

00 

• 

CO 

• 

TO 

• 

OO 

• 

CO 

o 

O 

00 

o 

m 

<V 

O' 

00 

o 

CD 

43 

43 

n 

in 

4 

4 

O' 

9 

CO 

• 

D 

• 

CO 

• 

00 

• 

OO 

• 

CD 

• 

CD 

• 



0J 

4- 

CO 

n- 

CO 

3 

JO 

0- 


•H 

O' 

CD 

r-~ 

I s - 

n- 

43 

43 


O 

• 

CD 

9 

CD 

• 

OO 

9 

03 

• 

CD 

• 

CD 

• 

CD 

• 


o 

CO 

OO 

43 

4- 

(XI 

rH 

rH 


r- 

43 

in 

tn 

uX 

JA 

m 

m 


cr 

* 

O' 

• 

o 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 


iH 

n 

CO 

rH 

O' 

r'- 

4J 

in 


CD 

r- 

r- 

r- 

43 

43 

4) 

43 


O' 

• 

O' 

• 

O' 

• 

O' 

O' 

• 

o 

• 

O' 

• 

O' 

• 

rH 

sO 

O' 

in 

CO 

O 

TO 

TO 

TO 


43 

n 

in 

in 

in 

4- 

4* 

4- 

*-l 

<U 

O' 

• 

O' 

• 

O' 

9 

O' 

• 

O' 

• 

O' 

O' 

• 

O' 

• 

O 









o 









1 — 1 

CO 

O' 

CO 

o 

D 

O- 


e'- 

PQ 

in 

4 

4 

4 

CO 

ro 

m 

en 


O' 

9 

O 

O' 

• 

(J' 

9 

O' 

• 

O' 

o 

• 

O' 


in 

O' 

ro 

o 

QD 

CD 

n- 

n* 


43 

n 

U A 

JA 

4 

■4 

■r 

4 


O' 

• 

O' 

• 

O' 

• 

O' 

O' 

• 

O' 

• 

o 

9 

O' 

• 


CD 


O' 


OJ 

o 

O' 

1 

O' 


4 

CO 

OO 

OJ 

OJ 

OJ 

rH 

rH 


O 

• 

O' 

• 

O' 

• 

O' 

O 

• 

O' 

• 

O' 

• 

O' 

• 


43 

<\J 

CO 

CO 

4 

OJ 

o 

O' 


ro 

OJ 

rH 

o 

O 

O 

o 

O' 


O' 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

• 

O' 

9 

OO 

9 


in 

O' 

n- 

CO 

n- 

O' 

rH 

OJ 

O' 

4- 

in 

O' 

4) 

O 

43 

rH 

4" 

r- 

r- 

O' 

OJ 

4" 

r- 

O 

rH 

rH 

■i 

rH 

OJ 

OJ 

OJ 

CO 


4- 

O' 

rH 

in 

o 

n 

4 

CXJ 

rH 

in 

rH 

4- 

r-H 

in 

rH 

rH 

in 

r- 

O 

OJ 

uA 

r- 

O 

OJ 

rH 

rH 

0J 

OJ 

OJ 

OJ 

CO 

fO 


















(c) Configuration V3 
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(b) Schematic cross section of flow transfer system 











Figure 2.- Sketch of typical nozzle configurations showing nozzle components and angular sign conventions 
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a) Unvectored nozzles with 2.7° and 11.0° divergence angles, and nozzles 
(6 V = ±4.15°) with 6.85° divergence angle. 


Figure 3.- Afterburning power nozzle geometry. Linear dimensions are in inches 






















Configuration Blocker Lower flap 



Figure 8.- Sketch of vertical takeoff or landing nozzle configurations. 






Note: Positive x' coordinate system axis 
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Figure 10.- Concluded. 




Linear 


Figure 11.- Location of pressure orifices on thrust-reverser blocker. 

dimensions are in inches. 
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(a) Configuration A2CS , <$ v = 

14.- Variation of nozzle performance parameters with nozzle pressure ratio 
two afterburning configurations with several aft flap (curved) angles. 
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(b) Configuration 



Figure 14.- Concluded 
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Figure 17.- Variation of nozzle performance parameters with nozzle pressure ratio 
for afterburning configurations with short (configuration A3FS) and long 
(configuration A3FL) sidewalls. 6__ = 4.15° and a= 9 . 7 °. 











Figure 18.- Variation of nozzle performance parameters with nozzle pressure ratio for 
two partial afterburning configurations for several aft flap (flat) angles. 










Figure 19.- Variation of nozzle performance parameters with nozzle pressure ratio for 
partial afterburning configuration P2CS for several aft flap (curved) angles. 
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Figure 20.- Variation of nozzle performance parameters with nozzle pressure ratio 
for partial afterburning configurations with flat and curved aft flaps. 
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Figure 22 Variation of nozzle perfori 
for configuration D1CS at 
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Figure 25.- Effect of nozzle geometric vector angle on 
discharge coefficient for afterburning and dry power 
nozzle configurations at nozzle pressure ratio of 4.0 
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Figure 26.- Concluded 
















iiiijiii: 
; • ; ; • ; • 

ffirfi:!: 

iiiijiiii 

i : i 

iiiiliiii liiii 

:!!! iiiiliiii 

iHHHt 


IliiHii liliniif 


iiij|ijii|iiiij 


piiljrfr 

liliiliiii 

iiiiiiii iiii iiii 

Iiiijiii:: 

iiji: iiii iiiil 

o o o o o 


iiiiilili! 

iiii ;iii iiiill 

iiii iiii 

•: 7 rrtTTTT' 

iiiilii’i li;i 

: ; : 1 1 i ; : i : : ; : 


: : i ; : : : : 

rfi ttttifr 

irttittiir 

pi Hjntr iiiliilil 

M i • 1 1 j } j {- 

Iiii- iiii iiii 


Iiiiliiii 

iiiiliiii 

liiiiiiiii: iiiiliiii 

iiii iiii 

jiii iiii iiii 


iiipi 

lijji pjji 

iiii iiii iiiiliiii 

iiii iiii 

tip liiii iiii 

o IQ O 2 ^ 

— I’ 1 M] 

r^jfrnr 

[iiii iiii illifllil 

::rrtir:: r’rfrrrr 

pin ili! 

itilS'iip lijl 
ijij iiii :;i: 


iiiijiii: 

|l|i| 

iiiiiiiii iiiijiiii 

iiiiiiin 

liiii -iiii iiii 

ODO 0 4 


tMtt 

liiliii; 

i:i:ii::i 

fit 




-P 

I 0 M-t 
• £t O 
r- -h 
oj u o 


Effect of nozzle geometric vector angle on internal 
ions for afterburning nozzle configuration A1 FS at 













Lon of internal performance parameters with aft flap initial angle for partial 
afterburning power nozzles at nozzle pressure ratio of 4.0. 
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configuration DIFS at nozzle pressure ratio of 4.0. 
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Figure 30.- Concluded 



Flagged symbols represent pressure ratios on the lower flap. 
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Figure 31 Effect of aft flap initial angle on internal static pressure distributions for 
afterburning nozzle configuration A1FS, S v = 0°, at nozzle pressure ratio of 4.0. 



Flagged symbols represent pressure ratios on the lower flap. 



Figure 32.- Effect of aft flap shape on internal static pressure distributions for afterburning 
nozzle configuration having A e /A t = 1.10, =0°, a = 2.7°, and short sidewall 

(configurations A1FS and A1CS) at nozzle pressure ratio of 4.0. 
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Flagged symbols represent pressure ratios on the lower flap. 
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Figure 34.- Effect of sidewall length on internal static pressure distributions 
afterburning nozzle configuration having A e /A t =1.10, 6 v = o°, a = 2.7°, 
flat aft flap shape (configurations A1 FS and A1FL). 











































Flagged symbols represent pressure ratios on the lower flap. 
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Figure 34 Concluded 
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